Introduction
Ionic liquids have been widely investigated as potential carbon capture media since the first report of the solubility of CO 2 in [bmim] [PF6] by Blanchard et al. 1 In addition to high capacities for CO 2 sorption, other favourable attributes of ionic liquids (IL) are their very low vapour pressures, high thermal stability and wide chemical tunability of both the cation and anion component. Many ionic liquids have subsequently been found to have promising CO 2 uptake and release capacities. The possibility of designing an IL specifically for CO 2 capture was first reported by Bates et al. 2 , who used an amine functionalised anion to perform removal of CO 2 from natural gas. The maximum observed molar capacity of 0.5 CO 2 /IL, together with other data indicating the formation of carbamate functions, suggested a bimolecular uptake mechanism, similar to that seen in neutral amines such as monoethanolamine where CO 2 chemisorption leads to the formation of an ion pair comprising a carbamate anion and an ammonium cation. In recent years there has been accelerating interest in functionalised ILs which can effect chemisorption of CO 2 . This is associated with much higher capacities than physisorption, though it should be noted that strong binding of CO 2 is not necessarily advantageous if the adsorbing IL is subsequently required to be regenerated. In 2010, Wang and co-workers 3 reported 1:1 molar adsorption of CO 2 using an IL containing a so-called "superbase" (SB) or aprotic heterocyclic anion (AHA). A variety of SBILs were subsequently studied 4 , with a link found between CO 2 uptake capacity and pK a of the superbase anion. A range of functionalised ILs with superbase anions were discussed by Wu et al. 5 , who investigated the relationship between adsorption enthalpy, calculated by first-principles methods, and observed CO 2 capacity with the aim of designing Ils optimised for the CO 2 capture process. They also drew attention to the problem of viscosity, which tends to increase with CO 2 content in many amine-functionalised ILs, but far less so with may aprotic anions. In 2015, Taylor and co-workers 6 measured the CO 2 adsorption capacities for a range of SBILs under wet and dry conditions. Among four SBILs, based on N-heterocyclic aprotic anions, molar adsorption capacities ranged from 30% to 120%. 13 C-NMR spectroscopy confirmed the formation of carbamate bonds during the capture process. Ionic Liquids based on amino acids (AAILs), where the anion is an aminate, has also been proposed as potential CO 2 capture media, due to their possession of an amino group on the anion. A number of authors [7] [8] [9] [10] have studied CO 2 adsorption in AAILs. The molar uptake ratio can be 1:1 or 1:2 molar depending on the anion and the cation. For example [N 2224 ][ALA] shows an absorption capacity of 1 mole of CO 2 for 2 moles of ionic liquids (1:2), typical of amino-functionalised ILs, whereas [P 666,14 ] [PRO] exhibits equimolar absorption (1:1) 9 . The question arises then as to whether two different mechanisms are in operation. A maximum 1:2 ratio implies the classic bimolecular amine mechanism; 1:1 suggests a monomolecular mechanism involving one anion, possibly terminating at the formation of carbamic acid group on the anion. It is commonly known that amino acids in solution form a stable zwitterion by transfer of the acidic proton to the amine resulting in a combination of a carboxylate and an ammonium. The anion derived from an amino acid is the basic form composed of a carboxylate and a primary amine. However upon chemisorption of CO 2 , a shift of proton to the original carboxylate function could also be imagined. Equally it is possible that a monomolecular mechanism is more broadly dominant with dimerization occurring subsequently.
Recently 8 , a combination of NMR and IR-spectroscopy suggests an intramolecular carbamate mechanism to explain the 1:1 mechanism with post-dimerization being proposed to explain observation of the 1:2 capacity. In this paper we examine computationally two aspects of CO 2 capture in ionic liquids. In the first part we review a study of ionic liquids based on the so-called "superbase" or aprotic heterocyclic anion. Four different anions are studied, and it is shown that the enthalpy of sorption of CO 2 on the anion is strongly related to the experimental CO 2 capacity. Inclusion of a cation in the calculations illustrates that CO 2 binding acts to weaken the interionic forces within the IL. In the second part we introduce a DFT study of CO 2 addition to a model amino acid IL. Again, anion-only and ion pair models are used. We show that a monomolecular mechanism is energetically feasible, leading to 1:1 molar uptake of CO 2 .
Methodology.
Density functional theory calculations were carried out using the Minnesota density functional M06 11 . This hybrid meta-exchange correlation functional is versatile and included in its construction is a non-local interaction term that make it well-suited to the treatment of ionic and hydrogen bonding 12 .
Its predecessor M05 has been tested successfully for ionic liquids 13 . A Pople basis set 6-311+G(d,p) was used for all atoms. All cations, anions and ionic pairs were optimised using the software Gaussian 09 14 without symmetry constraints and, for each geometry, the nature of minima were checked with a frequency calculation. Energies were corrected for the zero-point energy and relative enthalpies were calculated at 298.15 K. Natural bond analysis (NBO) was carried out with NBO 3.1 15 as implemented in Gaussian 09. Atoms in Molecules (AIM) analysis 16 was done with multiwfn 17 . For each ion pair, there are multiple possibilities to arrange the cation and the anion to form each ionic pair. For the SBILS, two methods of building ionic pairs were followed in order to obtain local minima near to the global minimum on the potential energy surface. In the first, a molecular dynamics trajectory of five ns was generated at high temperature in the NVT ensemble using the AMBER software with the GAFF force field 18 . A large cell with one ionic pair was used. From the resulting trajectory, ten to twenty steps were extracted. These structures were optimized at DFT level with a small basis set, and the five most stable structure were then optimized at the M06/6-311+G(d,p) level. In parallel, the tetraalkylphosphonium cation and the anion were positioned in different configurations by human chemical intuition and optimized. For each SBIL ion pair, multiple minima were found which were very close in energy to the most favourable structure. This can be attributed to the configurational flexibility of the cation's alkyl chains. In the following analyses, only the most favourable structures are described. The geometries were created and monitored with Molden 19 and VMD 20 .
Results and Discussion

A Superbase ionic liquids
The ion pair Minimum energy ion pair configurations are shown in figure 1 and the pairing energies are given in table 1, along with data on the amount of charge transfer between cation and anion, and the shortest interionic N-P distance. From figure 1 it can be discerned that in general the cation and anion are positioned relative to one another so as to maximise the interactions between heterocyclic nitrogen and the H C1 hydrogens, i.e. those bonded directly to the α-carbons of the phosphonium ion. N-H C1 distances are shown where they are less than 2.75 Å. The ascending order of pairing strength is
In fact there is a rough correlation between the pairing energy and the number of N-H C1 distances less than 2.75 Å, namely 3, 5, 7 and 8 respectively, though considering only the shortest such distance, there is no correlation with the pairing energy. For [124triz], the configuration of the three nitrogen atoms means that one of the aromatic nitrogens, N 4 , must point away from the phosphonium cation. For [Bentriz] the three adjacent nitrogens intract strongly with the cation such that the benzene ring is effectively a spectator. By contrast, [Benzim] shows a π-H C1 interaction with its benzene ring, which affords additional stability to the ionic pair. In all the cases, of course, additional van der Waals interactions are likely to exist with longer chain cations, and within the bulk liquid. In a previous work 21 , we carried out a detailed analysis of the bonding using NBO 15 . Key findings were that that the interionic bonding may be characterised in terms of a manifold of weak bonds, involving nitrogen as a lone pair donor, interacting with an empty σ bond orbital, either σ* (C-H) or σ* (P-C). An analysis using Bader's Atoms in Molecules (AIM) approach 16 suggested that none of these hydrogen bonds had a strength greater than 16 kJ mol -1 . Charge distribution analysis was carried also out using AIM, and the overall charge transfer from anion to cation is summarised in table 1. The values of charge transfer lie between 0.06 and 0.12. Again this quantity is correlated to the pairing energy, with stronger pairing being characterised by a larger charge transfer. The addition of CO 2 was investigated assuming the mode of binding shown in Scheme 1, i.e. with bonding principally only to nitrogen atoms of the anion. There are two distinct cases encountered: chemisorption of CO 2 resulting in N-C carbamate bond formation and loss of CO 2 linearity, and an intermediate "adduct" state in which CO 2 is closely physisorbed but no covalent bond formation occurs. In our current SBIL systems 21 , we observe both these types of CO 2 binding, which occur as minima on the potential energy surface. ∆H r /kJ mol As seen previously for the anion, the bonding strength of carbamate can be characterised by its geometric properties (table 3) : the N x -C carbamate bonds are generally shorter in the ion pair than for the anion-only model, and the O-C-O angles are also lower. Thus it seems that, although overall ∆H r values are less favourable in the ionic pair, the bonding of the carbamate moiety itself is actually stronger. There are two things which should be noted here; firstly the presence of the cation increases the negative charge on the N 1 nitrogen for [124Triz], [123Triz] and [Bentriz] thereby enhancing the Lewis basicity at that position. Secondly the overall charge distribution between the superbase ("original" anion) and CO 2 moieties shows distinct changes: in the anion-only model about half the negative charge of the anion is transferred to the CO 2 (δ' CO2 in table 2). In the ion pair-carbamate, the overall charge transfer (see table 4) between anion and cation is similar to the case without CO 2 present, but virtually all the charge transfer is from the superbase (AHA), making the anion less negative overall, with the exception of the carbamate (NCOO) function. The combined effect is thus that the cation has a significant effect of strengthening the carbamate bond while at the same time weakening the anion-cation interaction. The extent to which this occurs also depends significantly on the anion. 
) and (b) the respective adduct formation x Ny *. ∆Hr and ∆Ha are respectively heats of carbamate and adduct formation; d(Nx-C) the shortest N(cation) -C(anion) distance; α(OCO) O-C-O angle in the carbamate/adduct; |θ|(CNCO) the C-N-C-O torsion angle characterising ring/carbamate coplanarity. nl=adduct not located on the PES . This has been used as an initial model system to explore possible mechanisms for CO 2 uptake in such AAILs. The alanate ion derived from the biologically-common L-alanine enantiomer was chosen, though for convenience we refer to the anion as [ALA] -. As discussed earlier, a 1:2 CO 2 :IL molar uptake ratio, as commonly observed in many cases, implies a bimolecular mechanism, analogous to that observed for organic amines, wherein CO 2 forms a carbamate bond, with a proton transferring to a second amine molecule to form an ammonium-carbamate pair. An alternative 1:1 ratio suggests an intramolecular mechanism, with each anion accommodating one CO 2 . Evidence strongly suggests that this would be solely via carbamate (or carbamic acid) formation. In terms of chemisorption of CO 2 , alternative competing monomolecular and bimolecular mechanisms may therefore exist depending on the precise nature of the ion pair, and also potentially on other conditions. It should also be noted that a favourable monomolecular mechanism for initial CO 2 uptake does not preclude subsequent dimerization, leading to the observation of a 1:2 uptake capacity. For this reason we have initially studied the energetics of intramolecular CO 2 addition mechanisms. Local minina and transition states for the possible pathways have been calculated using both anion-only and ion pair models.
Intramolecular pathway
The addition of CO 2 was investigated according to the possible intramolecular mechanisms shown in scheme 2. In pathway (i), CO 2 addition to the amine function, forming a carbamate bond is accompanied by proton shift from the original amino group to the carboxylate function, resulting in the formal negative charge now residing on the carbamate. We refer to this as the carbamate or "carba" mechanism. Conversely in pathway (ii) the proton shifts onto the newly-bound CO 2 moeiety, forming carbamic acid, with the anionc carboxylate retained. In the present work this is denoted as the "carbo" mechanism. Ultimately the anion may achieve the 7-membered ring structure shown as b 3 -. However, it can be imagined that the two separate pathways via b 1 -or b 2 -could have very different energetics, which may also depend on the nature of other ions in the immediate proximity. In table 5 the energies of species involved in the mechanisms are given. Both ∆E corrected for zero-point energy (∆E ZPE ) and ∆H at 298 K are given for comparison. The species are denoted as in scheme 2, and also include adducts, a ---CO 2 , which are found by following the intrinsic reaction coordinate. Species from the ion pair model are illustrated in fig. 4 . Please do not adjust margins
Please do not adjust margins
In the carba pathway, (i), the addition of CO 2 to the anion nitrogen N a leads to a 5-membered ring transition state (Fig. 4 ). An N-H bond is broken whereas an O-H bond is formed; a proton is thus transferred from the amine group to the carboxylate to form b -1 , a bifunctional anion with carboxylic acid and carbamate groups. In the carbo pathway, (ii), the addition of CO 2 on the anion nitrogen N a leads to a 4-membered-ring transition state TS(ii) (x). In this case a hydrogen is transferred from the amine group to the carbamate to form b -2 , an anion with carbamic acid and carboxylate function. Thermodynamically, the two products are in competition as the energy difference between products b -1 and b -2 is less than 10 kJ mol -1 for both the anion-only and ion pair model, though the presence of the cation makes the b -2 very slightly exothermic with respect to the ion pair and CO 2 separately. However a major difference between the pathways is the accessibility of the transition state: TS(i) is always much more favourable that TS(ii), by about ~80-90 kJ mol -1 , implying that the carba mechanism would dominate under normal conditions. A simple explanation is that carbo mechanism will always require a 4-membered ring transition state, which is intrinsically more strained that a 5-membered ring. Finally, from both products, it is possible to locate a common post-product b Table 5 . Calculated energies of species from intramolecular pathways (i) and (ii) for addition of CO 2 to ], ion both the anion-only and ion pair models. All energies in kJ.mol -1 . 
